The immediate-early (IE) genes of murine cytomegalovirus (MCMV) are expressed in the absence of prior viral protein synthesis and regulate the transcription of MCMV early genes. The effect of MCMV IE genes on growth induction was studied. Different plasmids containing MCMV IE genes were microinjected into arrested NIH 3T3 mouse fibroblasts. Plasmids containing the iel gene coding for the 89,000-M, major IE protein pp89 were found to stimulate the expression of the c-fos protooncogene. Synthesis of pp89 and its transport to the nucleus appeared to be required for c-fos expression. DNA synthesis occurred in cells that were injected with MCMV IE genes and in neighboring cells that were not injected. The results suggest that the phosphoprotein pp89 stimulates cells to enter the cell cycle.
Cytomegaloviruses (CMVs) can establish productive cytolytic as well as nonproductive latent infections in cells, and reactivation from latency to productive infection can occur. Certain observations indicate an interdependence between CMV replication and phase transitions of the cell cycle. Murine CMV (MCMV) replication is dependent on the physiological state of the cell, and the virus requires events associated with the host S phase for initiation of viral DNA synthesis (23) . The virus itself, however, can promote cellular conditions favorable for viral replication by stimulating cells to synthesize cellular DNA (31) and to release a growth factor (10) . These results suggest that at least one CMV gene should have an effect on the cellular genes that control the cell cycle. Given that the expression of this gene is subject to the control of cellular factors, this gene could play a role in the regulation of productive and nonproductive infection of cells.
Gene expression in MCMV is regulated in a cascade fashion and can be subdivided into three phases, immediateearly (IE), early (E), and late. Because stimulation of cellular DNA synthesis and release of cellular growth factors do not require CMV DNA synthesis (10, 31) , viral functions expressed IE or E after infection should be involved. We studied the IE genes of MCMV as candidates. The IE genes of MCMV are clustered in a region of about 10 kilobase pairs (13) . Three IE transcription units are contained in this region, iel, ie2, and ie3 (14) . The gene ieI in transcription unit iel and genes transcribed from ie3 use the same promoter which is controlled by a very long and complex enhancer located upstream (5, 15) . The promoter of the transcription unit ie2 at a position downstream of the enhancer is also regulated by this sequence. MCMV and the human CMV have similar enhancer sequences (2) (9) .
CMV IE gene products play a role in the transcriptional activation of CMV E genes. Among the MCMV IE genes, ieI is most abundantly expressed and gives rise to the nonvirion phosphoprotein pp89, the major IE protein (16) . pp89 activates gene in trans without apparent promoter specificity (18) . To exert its function in gene regulation, pp89 should directly or indirectly interact with DNA. Direct binding to DNA has not yet been demonstrated, but binding to histones has been reported (24a). As with viral proteins of other viruses that influence cell cycle regulation (11, 27, 29) , an association of pp89 with kinase activity has recently been shown (A. Barnekow, J. Schickedanz, and U. H. Koszinowski, manuscript in preparation). These multifunctional properties of pp89 have led us to assume that it plays a role in cell cycle regulation. To investigate this possibility, we looked for stimulation of cellular DNA synthesis by pp89.
To monitor the effect of the ieI gene product on cell cycle regulation, we studied the expression of the protooncogene c-fos. The characteristics of c-fos expression in various cell types have led to the suggestion that it has a role in the control of cellular growth and differentiation. Appropriate expression of c-fos appears to be a prerequisite for the reentry of quiescent cells into the cell cycle (25) . The expression of c-fos is rapidly induced within minutes during the transition from the Go to the G1 phase (3, 34) , and both protein and mRNA have very short half-lives (19, 24) . The effect of the iel gene product on cell cycle regulation was studied by microinjection of IE genes. The results suggest that the nonstructural regulatory protein pp89 of MCMV stimulates c-fos expression and triggers cell cycle activation.
MATERIALS AND METHODS
Cell culture. NIH 3T3 mouse fibroblasts, clone 7 Plasmid DNA. Cloning of MCMV DNA fragments and plasmids pAMB25, pIE111, and pIE100 have been described before (7, 13, 17, 18) . Plasmid DNA was prepared by the method of Holmes and Quigley (12 (ii) Detection of c-fos antigen. Cells were fixed and permeabilized as described above. The c-fos antigen was detected by polyclonal rabbit anti-fos serum, and rhodamine-labeled swine anti-rabbit immunoglobulin served as a second antibody. DNA The correct expression of injected MCMV IE genes was tested in growing subconfluent mouse NIH 3T3 fibroblasts by using linearized plasmids containing various regions of the MCMV IE gene region (Fig. 1) . FITC-labeled dextran was coinjected to locate the injected cells. Expression of the IE protein pp89 was monitored for 20 h after injection by using a monoclonal antibody specific for pp89 and a rhodamine-labeled second antibody for detection by immunofluorescence. As indicated by the number of FITC-positive cells and the ratio between FITC-and rhodamine-positive cells, about 70% of injected cells survived the injection procedure, and approximately 80% of survivors expressed pp89. Microinjection of all constructs containing the transcription until iel resulted in expression of pp89. Control injections with plasmids linearized by HindIII, which cleaves within the fourth exon of the pp89-coding sequence, or injection with the vector pSP62 did not reveal any rhodamine fluorescence.
Subceliular distribution of pp89 after microinjection of the iel gene in arrested mouse NIH 3T3 fibroblasts. Expression of the c-fos gene as well as DNA synthesis was low or absent in resting cells. To study the stimulation of the cell cycle following microinjection of MCMV IE genes, NIH 3T3 cells were synchronized in the Go phase of the cell cycle by preincubation for 3 days with medium containing 2.5% platelet-poor plasma. Platelet-poor plasma is depleted of platelet-derived growth factor, which is necessary for NIH 3T3 cell proliferation, but possesses all other components that are required (35) . This protocol resulted in about 95% of cells being arrested in the Go phase, as demonstrated by a lack of [3H]thymidine incorporation into the nucleus during a 24-h incubation period. After the addition of 20% fetal bovine serum for 24 h, incorporation of [3H]thymidine in about 90% of cell nuclei confirmed that the cells could be released from growth arrest.
In contrast to growing cells, only approximately 20% of arrested cells survived after injection, but similar to growing cells, 80% of these expressed pp89 20 h later. It was postulated that prior to any effect on cellular gene functions, the ieI gene product had to arrive at the nucleus. During permissive infection with MCMV, the ieI gene is the first viral gene that is expressed. The protein is already synthesized in the first 2 h of infection, and the antigen can be detected by immunofluorescence at about the same time in the nucleus but not in the cytoplasm of infected cells. The protein is stable and resides in the nucleus throughout the replication period (13, 16) . We examined the kinetics of pp89 antigen expression and the nuclear transport of the antigen following microinjection of the ieI gene into quiescent cells. Surprisingly, the kinetics of subcellular distribution of pp89 antigen was different between infection by virus and microinjection of the gene (Fig. 2) . Four hours following injection of ieI (Fig. 2b) and also 8 h postinjection (data not shown), pp89 antigen was mainly located in the cytoplasm, whereas only as late as 12 h after microinjection the majority of the antigen appeared to be located in the nucleus (Fig. 2d ). An exclusive nuclear localization of pp89 antigen was seen at 24 h (Fig. 2f ) and 30 h after microinjection (data not shown). protooncogene product is present in low amounts in normal cells, and its expression is induced rapidly during cell growth and proliferation (3). Expression of c-fos was monitored at different times after injection of the iel gene by immunofluorescence (Fig. 3) . We reasoned that different than other stimuli which rapidly turn on c-fos expression, any effect of ieI gene injection that was associated with the function of pp89 should be delayed. Because pp89 remains in the cytoplasm during the first 4 h postinjection of DNA, c-fos expression should be turned on later. No c-fos expression was detectable in the nuclei of injected cells after 1 h (Fig.  3b ) or 2 and 4 h postinjection (data not shown), whereas at 20 h postinjection, at times when pp89 was found predominantly in the nucleus, a distinct c-fos expression was also observed in the nuclei of injected cells (Fig. 3d) . On the other hand, c-fos expression was already seen after 1 h following stimulation of the cells with 20% fetal bovine serum (Fig.  3e) . Linearization of plasmids containing the ieI gene by HindlIl cleavage with cuts within the fourth exon encoding pp89 (Fig. 1) abolished trans-activation (17) . Similarly, no effect on c-fos expression was seen after injection of plasmids that were linearized with HindlIl (data not shown). After microinjection with the intact ieI gene, expression of c-fos was seen in 90% of FITC-positive cells; this was comparable to the number of cells that expressed pp89. No c-fos expression was detected in noninjected neighboring cells. After microinjection of the vector plasmid pSP62, c-fos expression was not detectable during the 20-h incubation period (data not shown), excluding nonspecific effects of irrelevant DNA on c-fos expression. These data suggest that stimulation of c-fos expression by the MCMV ieI gene requires synthesis of pp89 and its transport to the nucleus.
Stimulation of DNA synthesis in quiescent cells after microinjection of the ieI gene. To study whether the growth arrest in quiescent cells is released by pp89, cells were labeled with
[3H]thymidine after injection of the ieI gene. At different times postinjection, incorporation of the radioactive nucleotide was examined by autoradiography. As described above, about 80% of cells that survived the injection expressed pp89. After 4 to 12 h no enhanced DNA synthesis was observed (Table 1 and Fig. 4b) , whereas 24 h after injection a significant stimulation of DNA synthesis was seen (Table 1 and Fig. 4d) regulation, because this protein is located in the nucleus of infected cells (16) , binds to histones (24a), is associated with a kinase activity (Barnekow et al., in preparation), and acts as a transcriptional regulator (18) . We chose to study c-fos expression as an indicator gene involved in the early steps of cell cycle regulation. Because the expression of c-fos does not necessarily result in the transition of cells into the S phase of the cell cycle (20) , cellular DNA synthesis was also tested. The results indicate that the MCMV ieI gene product pp89 stimulates cells to enter the cell cycle and that c-fos induction by pp89 is part of the cell cycle activation pathway.
Results of our experiments demonstrate that the c-fos protein is accumulated after injection of the MCMV ieI gene DNA into quiescent NIH 3T3 cells. For two reasons, the increased c-fos expression is not due to mechanical irritation of cells during injection or to nonspecific effects of plasmid DNA. First, c-fos protein and mRNA have very short half-lives (19, 24) ; for example, c-fos protein accumulation following wounding of NIH 3T3 cells has been demonstrated to occur within 1 h, to remain high for another 1 h, and then gradually to decrease within 3 h to barely detectable levels (34) . This kinetics of c-fos expression differs from that following injection of the MCMV ieI gene. Second, injection of the ieI gene linearized within the coding region or of vector DNA did not lead to the accumulation of c-fos.
The induction of c-fos was delayed after microinjection of the iel gene, and c-fos was detected at 20 h but not during the first 4 h. We suggest that the delayed c-fos accumulation is caused by the delayed appearance of pp89 in the nucleus. Although pp89 is synthesized after gene injection, it remains located exclusively in the cytoplasm during the first 4 h, and it probably cannot act as a trans-activator during this period. As yet there is no explanation for the difference between nuclear transport after virus infection and injection of the gene. Additional MCMV proteins probably do not play a role in the nuclear transport of pp89, because in cells that stably express the transfected ieI gene (17) , pp89 is detected selectively in the nucleus.
Delayed induction of c-fos by a viral regulatory protein is, however, not unique for pp89. Polyomavirus can also cause a delayed and sustained accumulation of c-fos mRNA be- tween 12 and 36 h after infection which was identified as a tumor antigen function (36) . pp89 neither immortalizes nor transforms cells, which is different than the functions of the tumor antigens of polyomavirus or simian virus 40 and the products of the ElA region of adenovirus that all stimulate the cell cycle and that are involved in cell transformation (6, 8, 22, 26, 32, 33, 36 c The number of nuclei with silver grains 24 h following iel gene injection was significantly higher than the number of nuclei with silver grains after injection of pSP62 DNA (P < a = 0.1), as calculated by the exact rank sum test (Wilcoxon-Mann-Whitney test).
expressed constitutively in fibroblasts do the cells become morphologically transformed (24) . Although cells that constitutively express the ieI gene after transfection (17) do not form colonies in agarose medium (unpublished data), this does not necessarily indicate a qualitative difference, because the expression of the transformed phenotype after transfection of the simian virus 40 early gene is also dependent on the amount of large tumor antigen in cells (28) .
Similar to the results of microinjection of DNA tumor virus genes (30) and gene products (33) , replicative cellular DNA synthesis could be induced by the ieI gene. Mere DNA repair synthesis caused by the damage inflicted on cells by the injection procedure was considered unlikely, because DNA synthesis (i) required the injection of a functional ieI gene, (ii) was not seen before 24 h, and (iii) was not restricted to injected cells. There is clear evidence that early proteins of DNA tumor viruses cause cells to release growth factors (26) . The evidence for induction of growth factor production following ieI gene expression is only indirect and was concluded from the observation that in some experiments a variable percentage of cells surrounding the microinjected cell incorporated [3H]thymidine. The amount of growth factor production was certainly very low, because, although cells that expressed pp89 accumulated c-fos, some cells were detectable that expressed pp89 but that were not active in cellular DNA synthesis. Attempts to demonstrate growth factor activity in conditioned media of cells that express the transfected ieI gene have failed so far.
Induction of cell proliferation probably plays a role in the productive lytic pathway of MCMV replication. Muller and Hudson (23) have described that, in contrast to asynchronous cells, which produce viral progeny within the first 12 h postinfection, after infection of cells arrested early in the G1 phase, replication of viral DNA begins first after 16 to 20 h postinfection and reaches a maximum between 20 and 24 h postinfection. The iel gene is the first viral gene that is expressed after infection. The ability of the ieI gene product to stimulate cells to proliferate supports viral replication. The release of growth factors would stimulate surrounding cells to become target cells for secondary infection. Whether the success or the failure to induce the cell cycle could also play a role in the maintenance of viral latency and the reactivation to productive infection is a matter of speculation.
